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ABSTRACT 
Near-surface atomic-scale defects in aluminum foils of at least 99.98% purity were characterized with positron 
annihilation spectroscopy measurements of the Doppler-broadening parameter S. Profiles of S vs. positron beam energy 
(i.e., vs. depth into the sample) were analyzed with a model for positron diffusion and trapping in order to characterize the 
defect layer structure. As-received foils were shown to possess a defect layer within 10 to 100 nm of the oxide film/metal 
interface. Both dissolution i aqueous odium hydroxide solution and anodic pitting corrosion in HC1 caused significant 
changes in the position spectra which were interpreted as increases in the defect population. On the basis of isochronal 
annealing, the defects were impurity-complexed voids or vacancy clusters, or else interracial voids at the metal/fi lm 
boundary located at surface roughness features. Either case suggests a possible role for the defects as pit sites, since both 
near-surface impurities and surface roughness are known to influence the number of pits on a surface. Defects found after 
pitting may be present in layers surrounding individual pits, and might have been produced in the process of pit initiation. 
Most  studies of aqueous  corrosion and oxidation of 
metals focus primarily on surface electrochemistry and  so- 
lution-phase transport processes. Since many corrosion 
processes of interest occur near room temperature, where  
the concentrations and  transport rates of solid-phase de- 
fects are usually small, the possible role of solid-state de- 
fect phenomena in these reactions has not been extensively 
investigated. One  exception is the dealloying of noble 
metal  alloys, in wh ich  some investigators believe that 
solid-state vacancy  transport plays a contributing role. 1-3 
In addition, it is possible to envision mechan isms in wh ich  
vacancy transport assists in the formation of corrosion pits, 
for example,  by the condensat ion at the metal/fi lm inter- 
face of vacancies produced by electrochemical oxidation 
processes. 4 Atomic-scale metallic surface defects may also 
serve to define pit sites. These defects may be related to 
microsegregated impurities, wh ich  can greatly affect the 
pit number  and  distribution even when the bulk impurity 
concentration is in the part-per-million rangeY  
Positron annihilation techniques have been widely used 
as probes for open vo lume defects of atomic d imensions in 
solids, including vacancies, vacancy clusters, dislocations, 
and  nanometer-scale voids. 7 In a luminum,  vacancies and  
other defects produced by  heat-treatments and  quench ing 
have been characterized using positron techniques. ~'9 
Positron techniques are nondestructive, and  their sensitiv- 
ity exceeds that of electron microscopy in many cases. In 
the present work,  defects in a luminum were  detected by  
measur ing  the line shape of the spect rum of the gamma 
radiation wh ich  was  emitted when a positron, wh ich  had  
been implanted in a luminum,  was  annihilated by combina-  
tion with an electron. The  resultant momentum of the 
gamma photons given off at annihilation causes the energy 
of the gamma radiation to be Dopp ler  shifted. The  photon  
momentum is determined by  the momentum of the annihi- 
lating electron, wh ich  in turn is related to the nature of the 
annihilation site. For  example,  valence electrons dominate  
in open-vo lume defects such as vacancies, giving a nar row 
distribution of electron momentum,  while in the bulk crys- 
tal there is a much wider  range of electron momenta .  Con-  
sequently, the Dopp ler  broadening of the annihilation 
photopeak is greater in the bulk crystal than at defects. The 
presence of defects is detected through measurement of the 
line shape parameter S, which is the ratio of the central 
area to the total area of the annihilation radiation spec- 
trum. The use of variable energy positron beams allows 
depth profiling of the solid, and so is particularly suitable 
for analysis of surface and near-surface defects. ~Examples 
of near-surface defects which have been detected by slow 
positron beams include nanometer-size voids produced by 
* Electrochemical Society Active Member. 
oxidation, I~ and  various defects such as gas bubbles, voids, 
and  vacancy defects fo rmed by  ion implantation, n-13 One 
prior study of corrosion using a positron technique was  
found, in wh ich  open-vo lume defects were  detected in a 
Mg- ln  alloy, prior to the onset of catastrophic corrosion. 14 A 
detailed discussion of positron measurements  is provided 
by  Schultz and  Lynn. v 
In the work  reported here, defects in a luminum foils (to- 
tal impurity concentration less than 200 wt -ppm)  were  de- 
tected through Doppler -broadened line shape measure-  
ments  of the annihilation radiation spectrum. Foils were  
examined in the as-received state, after dissolution in 
sod ium hydroxide solution, and  after electrochemical etch- 
ing to produce high densities of corrosion pits. It is shown 
that these processes each resulted in significant changes in 
the positron annihilation spectrum. The  positron spectra 
were  interpreted with the aid of a simulation wh ich  in- 
cluded the effects of trapping positrons at open-vo lume 
defects. Through the simulations, the defective regions in 
the foils were  quantitatively characterized. Anneal ing  ex- 
periments were  also carried out to identify the tempera-  
tures at wh ich  the defects became mobi le  or unstable. This 
information further helped identify the defects. 
Experimental 
Aluminum specimens were from four different vendors 
(denoted A, B, C, and D). All samples were in the form of 
annealed foil, about 100 ~m thick. The composition analy- 
ses using mass spectrometry of aluminum from the four 
vendors are given in Table I; the total impurity contents 
ranged from 2 wt-ppm for foil C to 180 wt-ppm in foil B. 
Nonmetallic impurities may have originated from surface 
contamination layers. All dissolution and ac polarization 
experiments were carried out using aluminum from source 
Table I. Chemical composition of samples (wt-ppm). 
Source A B C D 
Ca ii 56 0.3 4 
CI 8 4 
Cr 2 
Cu 3 2 0.7 7 
F 5 
Fe 4 0.5 3 
Ga 8 1 
K 23 91 11 
Mg 4 6 0.2 2 
Mn 0.3 
Na 6 9 2 
S 4 
Si 2 0.1 5 
Zn 12 7 2 
Total 87 180 2.1 37 
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Fig. 1. Line shape parameter S of the positron annihilation gamma 
radiation spectrum, as a function of positron beam energy far alu- 
minum foils from three different sources, in the as-received condition. 
The compositions of the foils are given in Table L The total impurity 
contents for samples A / l ,  B/ l ,  and C/1 are 87, 180, and 2.1 wt- 
ppm, respectively. Values of S are normalized to bulk values. The 
energy is that of the positron beam; the mean implantation depth at 
a given energy is shown on the top. axis. The solid curves are the 
predictions otthe simulation according to a defect layer model, as 
explained in the text. 
A. All solutions for these exper iments were  made f rom 
reagent grade chemicals, and  distilled and  deionized water. 
The  dissolution exper iments were  at room temperature 
(25~ in IN  NaOH solution. The  ac polarization experi- 
ments  were  at 65~ in IN  HC]. 
Prior to the electrochemical experiments, the foils were  
pretreated by  immers ion  in the NaOH bath for 1O rain, 
fol lowed by  a 5 rain dip in IN  HCI  at room temperature. 
Weight  loss measurements  indicated that a luminum dis- 
solved at a rate of 0.170 ~tm/min in the caustic bath, whi le 
no significant dissolution was  detected after the 5 min  HC1 
dip. The  purpose of the acid immers ion  was  to remove any  
solid corrosion product layers present on the sample  after 
the caustic treatment; it was  found to have no significant 
effect on the positron spectra. The  foils were  placed into a 
glass holder wh ich  exposed 5 cm 2 of their surfaces to the 
solution. The  counterelectrode was  a p lat inum wire 
mounted  on the holder, and  the reference electrode was  
Ag/AgC1 type. Electrochemical polarization was  carried 
out using a potentiostat [Princeton Appl ied Research (PAR) 
Mode l  173] and  function generator (PAR Mode l  175). Fur- 
ther details of the procedure and apparatus for the electro- 
chemical experiments are available elsewhere. 15 Micro- 
scopic observations of NaOH treated and etched foils were 
carried out using a scanning electron microscope (SEM) 
(JEOL JSM-840) and an atomic force microscope (AFM) 
(Digital Instruments Nanoscope III). 
After a foil was removed from solution, it was rinsed with 
deionized water and mounted for insertion into the posi- 
tron beam. The line shape parameter S of the Doppler- 
broadened energy spectrum of annihilation gamma rays 
was measured. The positron annihilation data were ob- 
tained over the beam energy range from 0.3 to 20 keV. All 
measurements were made at room temperature, and at 
about 10 -7 Torr pressure. The measurement time of annihi- 
lation spectra over a full positron energy range was typi- 
cally 6 h. Details of the positron beam apparatus and meas- 
urements are given by Lynn and Lutz. I~ 
Results and Discussion 
As-received a luminum fo i l s . - -Pos i t ron annihilation 
measurements on three different high purity aluminum 
foils are shown in Fig. 1. The energy (E) on the x-axis of the 
figure is that of the positron beam. At greater beam ener- 
gies, positrons are implanted to greater mean depths, as 
indicated by the depth scale on the top axis. This depth 
scale was calculated from the equation relating mean im- 
plantation depth z~ to beam energyT: Zm [nm] = 14.8 E 
[keV] 16. S shown in the figure has been normalized to 
the bulk value for each sample, which is approached at 
beam energies larger than 15 keV. The estimated accuracy 
of experimental S values was within 0201. S parameter 
measurements were consistent for samples from the 
same source. 
At a given beam energy, the measured S is an average 
value according to the fractions of positrons Fs, Fox, F~, and 
Fb annihilating at the surface of the oxide film, within the 
oxide film, in near-surface defect states, and  in the bulk 
metal, respectively 17 
S = F~Ss + FoxSox + FdSd + FbSb Ill 
Ss, Sox, Sd, and Sb are the characteristic S parameters of
these states (Sb is unity). The F values are determined ata 
given energy by the depth profile for implanted positrons at 
that energy, and by the distance over which positrons dif- 
fuse during the time of typically 162 ps between implanta- 
tion and annihilation. Thus, at low beam energies, posi- 
trons annihilate both on the surface and in the 4 nm thick 
native oxide layer, and accordingly a low S is typically 
found which is a composite value for annihilation i these 
two states. 17 On the other hand, when the beam energy is 
high (>15 keV), all positrons are implanted eep enough so 
that they annihilate from states characteristic of the bulk 
aluminum, and S therefore approaches a constant bulk 
value. Since Fs and Fox decrease monotonically with energy, 
while Fb increases monotonically, Eq. 1 indicates that for a
material without a defect layer (Fd = 0), there would be a 
monotonic transition from S~ to Sb as the beam energy is 
increased. Thus, the nonmonotonic variation of S with 
beam energy in Fig. 1 indicates that a near-surface defect 
layer is present having annihilation characteristics differ- 
ent from either the surface or the bulk metal. This general 
peaked shape of the S profiles, which was found in all the 
measurements reported in this work, indicates that Sd is 
greater than Sb, and it therefore suggests the presence of 
open-volume defects such as vacancies. The thickness of 
the defect layer is deduced to be on the order of magnitude 
of 1O nm. 
Other investigations have also revealed near-surface 
open volume defects in aluminum. Myers et al. 18 found evi- 
dence for voids at the oxide/aluminum interface, through 
analysis of an ion-induced nuclear reaction involving im- 
planted deuterium. Doppler-broadening measurements of 
99.9999% purity aluminum were also reported by Huomo 
et al., iv and show a qualitatively similar energy dependence 
as in Fig. i, with a low surface S, followed by a max imum 
at i to 2 keV, and then a decay to the bulk S at higher beam 
energies. After sputtering in the vacuum chamber to re- 
move the oxide layer, the profiles showed monotonic varia- 
tions of S with energy, suggesting that the near-surface 
defects had been removed along with the oxide overlayer. 
Simulat ion  of positron measurements . - -The  data in 
Fig. 1, as well as for all the other experiments, were mod- 
eled with a simulation of positron annihilation, in order to 
quantitatively determine parameters of the subsurface de- 
fect distribution. This simulation is a numerical solution to 
the diffusion-annihilation equation for positrons in a solid, 
and  is discussed in detail by  van  Veen et  al. 19 In addition to 
positron trapping into defects, it includes the dependence  
of positron stopping probability on depth and  beam energy, 
positron diffusion in the metal, and  positron annihilation 
kinetics in the bulk crystal, factors wh ich  are quantita- 
tively well characterized for a luminum.  The  solution to the 
diffusion-annihilation equation yields the positron annihi- 
lation fractions Fs, Fox, Fd, and  Fb, wh ich  are then used to 
get opt imum fit to the data using Eq. I. The  simulation 
considers diffusion in only one spatial dimension, and  so 
does not explicitly include effects due to surface roughness. 
The defect distributions were fit to experimental data 
using a three-layer model, with the first layer correspond- 
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ing to the oxide film, the second to the defect layer, and the 
th i rd  to the bu ik  aluminum. The defect layer was approxi-  
mated by a uniform concentrat ion of defects. 
The parameters which were f ixed prior to f itt ing were Sox 
and Ss in Eq. 1; 5o~, the oxide f i lm thickness; and Lo~ and Lb, 
the positron diffusion lengths in the oxide and the bulk 
crystal, respectively. S~ was determined from the l imit ing 
values of S at smalI energies, for foils wi th thin (3 to 5 rim) 
air- formed oxide layers. Sox was determined from spectra 
of foils on which relatively thick (10 to 20 nm) oxide layers 
had been electrochemical ly grown by applying an anodic 
current in a borate buffer solution. On these foils with elec- 
trochemical ly grown oxide layers the value of So~ was ap- 
parent as a small  p lateau in the S spectrum at low energies. 
The positron diffusion length in a given layer is the mean 
distance which positrons diffuse before they are annihi-  
lated by electrons or trapped into defects. For the bulk 
crystal, Lb is (D+,Fb) t/2, where D+ is the bulk diffusivity and % 
is the bulk l ifetime. From experimental  measurements of 
D. ~ and %, 20 Lu was determined to be roughly 100 nm. 
SimuIations were carried out with different values of Lb 
ranging from 100 to 200 nm; a value of 150 nm was found 
to give consistently the best fit to exper imental  data, and 
was used in all simulations. The oxide diffusion length Lox 
was est imated from the dependence of the low energy l imit-  
ing S on the oxide thickness, for experiments in which ox- 
ide fi lms were electrochemical ly grown. When the oxide 
thickness was increased from 2 to 8.2 nm, this l imit ing S 
shifted to a value near So~; it was reasoned that t this 
point, the positron diffusion length was on the order of 
magnitude of the oxide thickness. Through variat ion of Lo~ 
around 10 nm, it was determined that a vaiue of 30 nm gave 
the best fit to exper imental  measurements. 
The oxide layer thickness was selected to agree with 
x- ray photoelectron spectroscopy (XPS) measurements. 
The f i lm thickness was est imated from the attenuation of 
the Al(2p) peak for a luminum in the metal, as compared to 
the Al(2p) peak of the oxide? ~ Details of this calculation are 
given by Lin. ~"2 The oxide layer thickness was found to be 
about 4.0 nm for as-received foils, and it ranged from 3.0 to 
4.5 nm for foils which had been treated by immersion in 1N 
NaOH for 10 rain. For the latter foils, 5ox was set to 3.0 nm, 
since this value was found to give consistently better fits 
than larger thicknesses. 
Table II indicates that Sd, the characterist ic S parameter  
of the defect layer, was about 1.025 for the foils with 
around 100 ppm impurities, and 1.040 for the high-purity 
sample. In all model simulations, the error of Sa values was 
estimated to be less than 2 • 10-% The value of Sd gives an 
indication of the defect type, and it general ly increases 
with the defect size. For example, the characterist ic Sd for 
annihi lat ion in monovacancies in a luminum is approxi-  
mately 1.032 Dunn et al. 23 showed that the positron wave 
function in voids in a luminum with radii  greater than 
0.5 nm is the same as the surface state wave funct ion at a 
planar surface. The S parameter  for a void of this size can 
thus be est imated as about 1.10, the value measured by 
Huomo et al. ~7 for a clean aluminum surface free of oxide. 
Therefore the f itted Sd values by themselves uggest hat 
the defects include vacancies and small vacancy clusters. 
However, at least in the case of silicon, binding of hydrogen 
to defects lowers Sa over that of impurity-free defects, u 
The defects may be large vacancy clusters or voids if they 
are associated with impurities, a possibi l ity which was ad- 
dressed by the anneal ing experiments discussed, below. 
The defect layer diffusion length for the as-received foils 
was fairly consistent at 6 to 9 nm. La is given by 
Ld = (D + ,F~) 1/2 [2] 
in which %~ is the effective positron lifetime. 7The effective 
l i fetime is determined by the rates of annihi lat ion and 
trapping into defects 
1 
- Xb + vC [3] 
"FeE 
where Xb is the positron annihi lat ion rate in the bulk metal, 
v specifies the trapping rate of positrons in a unit concen- 
trat ion of defects, and C is the defect concentrat ion in 
atomic fraction. Combining Eq. 2 and 3, one obtains a rela- 
t ionship between the diffusion length, the defect concen- 
tration, and the defect trapping rate 
vC = [(Lb/La) ~ - 11 1_ [4] 
Tb 
where % = 1/kb. The trapping rate in aluminum is 1015 s -1 for 
vacancies. 25From Eq. 4, using Lb = 150 nm, Ld = 8.1 rim, and 
% = 162 ps, 20 one finds that the concentrat ion of vacancies 
is 10 -3 atomic fraction, to account for the exper imental  Lo. 
For comparison, the equi l ibr ium vacancy concentrat ion i
a luminum at room temperature is about 10 -12 atomic frac- 
tion26; clearly, the near-surface region of these foils is 
highly defective. 
For small vacancy clusters, the positron trapping rate is 
proport ional  to the number of vacancies condensed into the 
cluster. Hence, if the defects are small voids, their concen- 
tration can be est imated by dividing 10 -3 by the number of 
vacancies in a duster. From the measurements reported 
here, such an estimate cannot be made. However, the near- 
surface defect densities produced by ion implantat ion of 
a luminum have been reported to be as high as a few atom 
pereentY These defects were most l ikely vacancy clusters 
or voids, and were stable at room temperature. Apparently, 
then, concentrations of vacancy-type defects even higher 
than those in the present work are possible. 
Annea l ing  of  as - rece ived  fo i l s . - - In  order to gain further 
insight into the nature of the defects in the as-received 
foils, isochronal anneal ing was carried out on the source A 
foil in Fig. 1. The S values at 0.4, 2.5, and 8.0 keV, energies 
corresponding to the peak of the S profi le in the figure (and 
therefore to depths within the defect layer), along with S 
corresponding to bulk aluminum, were measured at 25~ 
after anneal ing for 30 min at various temperatures between 
25 and 550~ The anneal ing temperatures were increased 
sequential ly in 50~ steps. The results showed that there 
was no signif icant variat ion of S with temperature, which 
Table II. Model defect layer parameters derived from 
simulations of positron annihilation spectra. 
Estimated accuracies of tilted values of Sd, ~d, and Ld are 
within 2 • 10 -4, 1 nm, and 1 nm, respectively. 
Source/sample Treatment Sa ga (nm) Ld (rim) 
A/1 None 1.026 98.5 8.1 
B/1 None 1.025 318 8.8 
C/1 None 1.040 26.9 6.0 
D/1 None 1.051 89.9 9.3 
A/2 None 1.024 107 9.0 
A/2 10 rain NaOH 1.044 8.4 0 
A/3 1 min NaOH 1.049 21.8 1.6 
A/4 5 rain NaOH 1.049 19.2 6.2 
A/5 30 rain NaOH 1.043 21.0 0.6 
A/6 10 rain NaOft 1.048 14.4 4.6 
A/7 10 min NaOH, 1.026 9.6 1.6 
anneal 500~ 
A/8 10 min NaOH 1.045 12.6 0.8 
A/8 10 min NaOH, ae 1.049 45.4 0.2 
polarization (-0.4 V, 10 s) 
A/9 10 min NaOH 1.048 14.4 4.6 
A/9 10 min NaOH, ae 1.051 41.1 0.4 
polarization (-0.4 V, 5 s) 
A/10 10 rain NaOH 1.042 23.1 1.2 
A/10 10 rain NaOH, ae 1.051 37.1 1.2 
polarization (-0.4 V, 2 s) 
A/11 10 min NaOH 1.043 6.4 0.3 
A/ l l  10 rain NaOH, ac 1.052 0.3 0 
polarization (-0.4 V, 0.15 s) 
A/12 10 min NaOH, ac 1.052 29.8 1.9 
polarization (-0.4 V, 5 s), 
anneal 500~ 
A/13 10 rain NaOH 1.044 8.3 0.5 
A/13 10 rain NaOH, ae 1.059 3.5 0 
polarization (-0.9 V, 5 s) 
A/14 10 rain NaOH 1.049 4.3 0 
A/14 10 min NaOH, ae 1.048 7.9 0.6 
polarization (-0.9 V, 0.15 s) 
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indicates that the defects did not anneal even at tempera-  
tures approach ing the melt ing point of 660~ 
The  high thermal stability of the defects allows one to 
exclude several possible defect types. For  example,  vacan-  
cies and  small vacancy  complexes  anneal out be low room 
temperature. 28 At  the other extreme of defect size, anneal- 
ing of voids in a luminum was  studied by  Petersen et  al., 29 
who used neutron irradiation to produce voids with aver- 
age diameter about  30 nm.  These voids annealed out gradu- 
ally as the temperature was  increased f rom i00 to 300~ 
Thus, defects wh ich  involve only a luminum atoms can be 
ruled out, since they wou ld  have annealed well be low 
550~ On the other hand, impurities associated with open 
vo lume defects can significantly increase the defects' an- 
nealing temperatures, 28'3~ although annealing temperatures 
as high as 550~ have not been reported. Arai et aI. ~ inves- 
tigated the near-surface omposition of 99.99 % purity alu- 
minum foils and found surface layers of about 30 nm thick- 
ness, within which the concentrations of impurities were 
strongly elevated in comparison to the bulk. Since the 
defect layer thicknesses for the as-received foils were of a 
similar magnitude, ranging from 27 to 320 nm (depending 
on the vendor), it is possible that the defects are complexed 
with surface-segregated impurities. Therefore, the defects 
may be somewhat larger than Sd itself would indicate, and 
may be large vacancy clusters or voids stabilized with 
impurities. 
The presence of near-surface impurity-related defects 
may be related to heat-treatments during the foil's process- 
ing. Alam et al. so annealed ilute A1-Mg alloys (1000 ppm 
Mg) in nitrogen atmospheres containing as little as 500 vol- 
ppm oxygen. Positron annihilation S parameter measure- 
ments revealed that subsurface d fects were formed by the 
oxidation of Mg during annealing. According to Table I, the 
foils in this work all contained Mg as well as other readily 
oxidized impurities. Industrial annealing is typically car- 
ried out in noble gas atmospheres which probably do not 
exclude oxygen to the extent necessary to prevent oxida- 
tion. Hence, it is reasonable to expect hat subsurface de- 
fects may also have been produced. Since the overall impu- 
rity content of the foils differs by about a factor of 100, one 
might expect o see a correlation between the defect layer 
parameters and impurity content. However, while the de- 
fect layer thickness eems to increase with the foil's impu- 
rity content, no simple relationship is clearly apparent. 
Another possible reason for the stability of the defects i  
that they adjoin the metal/oxide film interface. Interface 
defects can be stable up to very high temperatures com- 
pared to the corresponding bulk defects. 31 The calculated 
depth of the defect layer (27 to 318 nm, depending on the 
vendor) argues against interface defects; however, the sur- 
face roughness of these foils may itself increase the appar- 
ent defect layer thickness, since roughness would allow 
positrons to diffuse laterally into the defect layer after im- 
plantation. In fact, 100 nm high ridges along rolling lines 
are evident on the foil surfaces. Hales and Hill 32 showed 
that oxide film growth atop convex surfaces leads to a 
buildup of strain energy in the oxide, which may result in 
delamination of the film from the substrate to form an in- 
terracial void. Mayer and Lynn 33 discussed hysteretic be- 
havior observed in positron annihilation measurements 
when aluminum is heated in vacuum to 500~ and then 
cooled, and concluded from these results that the oxide film 
was removed at this high temperature, either by desorption 
into vacuum or by  migration of oxygen into the metal. Re-  
mova l  of the oxide film during anneal ing wou ld  weaken the 
case for interface defects; however, S parameter  measure-  
ments  after annealing were  fit successfully using a defect 
layer mode l  incorporating a surface oxide film. Hence,  it is 
believed that in the present exper iments the oxide film was  
not removed during annealing. 
Whichever  of the two  descriptions of the defects is cor- 
rect, there may be a connection between defects and  pitting 
sites. The  significant influence of near-surface impurities 
on the distribution of etching sites has been documented,  ~'6 
and  it is possible that these impurities are found in va- 
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Fig. 2. PosilTon annihilation spectra for sample A/2 ,  both in the 
as-received condition and after 10 mln 1N NaOH immersion. 
cancy- impuri ty complexes. Also, pits are frequently ob- 
served to initiate along microscopic roughness features 
such as rolling lines and  scratches, wh ich  are locations 
where  interracial voids may be present due to stress in the 
oxide film. In either case, defects wh ich  are close to the 
metal/fi lm interface may initiate pitting by  disrupting the 
local structure of the film so as to decrease its conduct ion 
resistance, or perhaps by  serving as nucleation sites for 
vacancy  condensation. 
Effect of dissolut ion in sodium hydrox ide so lut ion . - - In  
this section, results are presented on the effect on positron 
spectra of aluminum dissolution in 1N NaOH solution at 
room temperature. Aluminum corrodes rapidly and uni- 
formly in this solution, atrates equivalent tocurrent densi- 
ties in the range of mA/cm 2. 84 Figure 2 shows positron 
measurements on the same aluminum foil, before and after 
caustic treatment. The treatment caused the peak S value 
to strongly increase, an effect which was found to be highly 
reproducible. According to the simulation results hown in 
Table II, this change in the spectra was associated with a 
decrease in the defect layer diffusion length from 9.0 nm to 
nearly zero. The zero diffusion length corresponds to satu- 
ration trapping of positrons in the defect layer: the defect 
concentration was so high that positrons were trapped im- 
mediately upon implantation within the defect layer. There 
was also a moderate increase in Sd from 1.024 to 1.044, 
while the defect layer thickness decreased from 110 nm to 
about 11 nm.  
Measurements  of weight  loss after dissolution of the foils 
in the NaOH solution for various times revealed that the 
a luminum dissolved at an approx imate ly  constant rate of 
0.170 bm/min .  Thus, after a i0 min  immersion,  the defect 
layer present in the as-received condition wou ld  have dis- 
solved completely. The  changes in the defect layer observed 
after NaOH treatment should then be ascribed to new de- 
fects introduced during dissolution. 
Annea l ing  exper iments were  carried out on NaOH 
treated foils in order to obtain further information about 
the nature of their subsurface defects. Isochronal anneal ing 
was  conducted in 100~ temperature steps for 30 min  each, 
with positron annihilation measurements  at the constant 
temperature of 25~ after each step. The  annihilation spec- 
tra were  measured  at 0.5 keV energy intervals, in the neigh- 
borhood  of the max imum of the S parameter  corresponding 
to the defect layer. Figure 3 shows  that S in the peak  region 
decreased significantly between 10O and  200~ and  again 
between 200 and  300~ However ,  even after anneal ing at 
500~ a peak  in the spectrum suggestive of near-surface 
defects was  still present. After the 500~ anneal, a detailed 
(81 data points) spect rum was  measured  and  is shown in 
Fig. 4. The  mode l  defect layer parameters  (Table II) show 
that annealing to 500~ caused S~ to decrease significantly, 
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Fig. 3. Positron annihilation S parameter measurements in the 
peak region of the spectrum, for a sample which had been treated in 
I N NaOH for 10 min, and then annealed in the positron chamber at 
the temperatures indicated. Annealing was for 30 min at each tem- 
perature; subsequently, the temperature was returned to 25~ for the 
measurement, and then the sample was heated to the next highest 
annealing temperature. 
f rom 1.048 to 1.026. This decrease can be interpreted as the 
remova l  of some defects having a large characteristic S 
value, such as voids. In fact, the anneal ing temperature 
range (100 to 300~ corresponds closely to that measured  
by  Petersen et al. 2~ for large voids in pure a luminum.  The  Sd 
of the defects left after annealing, 1.026, is close to that of 
the defects in as-received foils, wh ich  were  also stable after 
anneal ing at 500~ These defects are probably of a similar 
type, that is voids or vacancy  clusters stabilized with impu-  
rities. Thus, the defects present after NaOH treatment were  
voids or vacancy  clusters with varying degrees of impurity 
complexing. Accord ing to Eq. 4, using a trapping rate of 
I0 ~5 s -I for vacancies in a luminum,  25 the vacancy  concen- 
tration in the near-surface region of a NaOH treated foil is 
calculated f rom the average diffusion length of 1.5 nm,  to 
be 0.06 a tom fraction. 
Two possible mechan isms can be given for defect forma-  
tion during dissolution. The  first is based on surface va- 
cancy injection during metal  dissolution coupled with im- 
purity segregation. Rutherford backscattering spec- 
trometry (RBS) analysis of foil (source A) surface composi -  
tion revealed that, after a i0 rain NaOH treatment, near- 
1,04 
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Positron Energy (keV) 
Fig. 4. Comparison of positron annihilation spectra for a sample 
with 10 min NaOH treatment, with that for a sample so treated, and 
then annealed in the pasih'an chamber for 30 min at 500~ • 20~ 
surface concentrations of Fe and  Cu  impurities were  on the 
order of 0.i atomic percent, strongly elevated compared  to 
their bulk levels.3~ These impurities, wh ich  have higher dis- 
solution potentials than a luminum,  were  apparently re- 
tained in the metal  as the surrounding a luminum atoms 
dissolved. The  impurities may have stabilized the vacan-  
cies wh ich  were  injected during dissolution. The  apparent 
depth of the defect layer (i0 to 20 nm)  can be explained by  
diffusion of the vacancy  defects away  f rom the surface. 
Foils treated in NaOH for various times did not show a 
systematic variation of defect layer parameters  (Table II, 
A/2-A/5), wh ich  may have been expected of dissolution in- 
jected vacancy  defects. However ,  near-saturation trapping 
in the defect layer was  found at all dissolution times, so 
increases of defect concentration wou ld  not have produced 
significant decreases in L d. 
Alternatively, the defects present after dissolution could 
be interface defects adjoining the metal/oxide film 
boundary. The  NaOH dissolution treatment left a scalloped 
surface topography with many small ridges tens of 
nanometers  high, as measured  using atomic force mi-  
croscopy; air oxidation on these ridges after the treatment 
may have created interracial voids, in the same way  as was  
suggested above in the case of as-received foils. It should 
also be noted that when caustic dissolution is used as a 
pretreatment before anodic polarization to produce pits, it 
is found that the pit number  density is significantly en- 
hanced~; this raises the possibility that the defects pro- 
duced by dissolution may serve as pit initiation sites. 
Effect of anodic pitting.--To maximize the opportunity 
to detect subsurface defects produced uring pit initiation, 
experiments were carried out with conditions imilar to 
those of ac etching of aluminum, which gives a very high 
number density of pits. 36 Etching was conducted at 65~ in 
1N HC1 solutions. Etch pits were half-cubic in shape, with 
their walls apparently having (100) facesl~; since the foil 
surface was composed mainly of (100) planes, the pit side- 
walls were perpen.dicular to the outside surface. Prior to 
etching, the foils were pretreated by a 10 rain immersion i  
IN NaOH solution at room temperature, followed by a 
5 rain dip in 1N HC1 at the same temperature. The applied 
potential waveform during etching consisted of cycles of 
sequential cathodic and anodic polarization. The cathodic 
period in a given cycle was 100 ms at -2.0 V, where a hydro- 
gen evolution current of about 200 mA/cm 2was typically 
passed. 1~ The subsequent anodic polarization was for 
50 ms, usually at -0.4 V, a potential well above the pitting 
potential of -0.74 V. 15 Etching experiments carried out 
under these conditions have been found to give pit number 
densities approaching 107/cm ~ per polarization cycle.l~ The 
total polarization time was varied, from a minimum of a 
single polarization cycle (150 ms), to a maximum of 10 s 
(67 cycles). In some experiments, theanodic potential was 
set to -0.9 V, below the pitting potential, with the cathodic 
polarization parameters and anodic time kept the same; at 
this anodic potential, no pits would have formed. 
Figure 5 compares positron annihilation spectra after 
electrochemical etching, to those for /he same foils after 
pretreatment. Figure 5a-d gives results for etching times of 
10, 5, and 2 s, and 150 ms (1 polarization cycle), respec- 
tively. In all cases, anodic etching resulted in significant 
increases in S, at energies below about 10 keV, as compared 
to the same sample before etching. The model defect layer 
parameters for the etching experiments (Table II) show that 
after etching, Sd was close to 1.05 in all cases, and the diffu- 
sion length was very small, indicating that near-saturation 
trapping was in effect. For the experiments with multiple 
polarization cycles, the effect of etching on the spectra was 
more pronounced than for the single-cycle xperiment; 
etching increased the defect layer thickness by a factor of 
two to four compared to the value before etching. Measure- 
ments for which the anodic potential was -0.9 V, below the 
critical pitting potential of -0.74 V, are shown in Fig. 6. No 
significant increases in S resulted from ac polarization, as 
compared to experiments where the anodic half-cycle was 
above the pitting potential. The multicycle waveform 
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Fig. 5. Comparisons of positron annihilation spectra for samples with 10 rain NaOH treatment with those for the same samples after both 
NaOH treatment and application of ac polarization waveform. One cycle of the ac waveform consisted of 100 ms at -2 .0  V, followed by 50 
ms at -0 .4  V, a potential which was more positive than the pittingpotential of -0 .74  V. The total polarization times are given in the figure. 
Polarization times: (a, top left) 10 s; (b, top right) 5 s; (c, bottom left) 2 s; (d, bottom right) 0.15 s. 
shows a small increase in the peak S (Fig. 6a), but it is 
minor compared to that in Fig. 5b. Thus, the changes in
defect layer thickness and S value in Fig. 5 are attributable 
to anodic pitting. 
As in the case of the NaOH treated foils, the etched foils 
were annealed to help identify the defects. The annealing 
procedures were the same as those for the treated foils. 
Figure 7 shows that the defect-related peak of the S spec- 
trum decreased in height significantly between 100 and 
200~ Above this temperature, the measurements were 
somewhat erratic. The remaining defects were highly 
stable under anneal, because they were associated with im- 
purities or located at the metal/film interface. Generally, 
the similarity of the annealing behavior to that of the 
NaOH treated foil suggests that the defects were of com- 
parable types in the two cases. 
A simple calculation was carried out to demonstrate 
whether surface roughening alone was sufficient to explain 
the effect of etching on the annihilation spectra. This calcu- 
lation accounts for variations of the apparent defect layer 
thickness along the tched surface. It was assumed that 
etching did not affect the defect layer on the metal surface 
away from the pits. However, adefect layer was considered 
to be present in the metal adjoining the pit walls, whose 
thickness was assumed to be 20 nm, a typical value for 
before etching. Positrons implanted into the surface out- 
side a pit, but within about two defect layer thicknesses 
(i.e., 40 nm) from the pit edge, would have a high probabil- 
ity for trapping in the defect layer along the pit sidewalls; 
the effective defect layer thickness for these positrons was 
taken to be equal to the pit depth. For positrons implanted 
directly into the bottom faces of pits, the defect layer thick- 
ness would be 20 nm. The measured efect layer thickness 
was taken to be an average of the thicknesses of the three 
zones where annihilation could occur, weighted by the 
areas of each zone. These areas were calculated from pit 
number densities (n) and mean pit depths (r) for given ex- 
periments, recognizing that the pit shapes were uniformly 
half-cubic, with depths equal to half their widths. A1, the 
fractional area of the exterior surface, was 1 - n[2(r + 
40 nm)]Z; A2, the pit bottom fractional area, was 4 nr2; and 
A3, the pit sidewall fractional area, was 8(40 nm)rn, n and 
r were measured irectly from SEM micrographs for the 5 
and 10 s etching experiments, while for the 0.15 and 2 s 
experiment, hey were taken from prior measurements at 
these etching conditions. 1~
Table III shows A1, As, and A3 for the etching experiments 
in Fig. 5, along with 8/8~ where 8, the calculated thickness, 
is A18o + A2(20 rim) + A3r, and 8o is the defect layer thickness 
for the given foil before etching (Table II). For comparison, 
experimental 8/8o ratios are also shown. Despite the rough 
approximations u ed, the calculated and experimental ra- 
tios agree to within 25% for the 2, 5, and 10 s etching times. 
For the 0.15 s etch, the experimental 8/8~ is much smaller 
than the calculated value. However, Fig. 5d shows that the 
effect of etching on the spectrum was smaller than for the 
other etch times, and one suspects that a model defect layer 
with 8/80 close to unity would have fit the data with good 
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Fig. 6. Positron annihilation spectra for a sample which were polarized electrochemically as in Fig. 5, but where the potential during the 
anodic half-cycle was -0 .9  V, more negative than the pitting potential of -0 .74  V. All other parameters of the applied polarization waveform 
were the same as in Fig. 5. The total cycle times are given on the figure. Polarization times: (a, left) 5 s; (b, right) 0.15 s. 
accuracy. Hence, the model represents the experimental 
spectra with good accuracy. This agreement suggests that 
individual etch pits are surrounded by a layer of defects 
roughly 20 nm thick. Based on the annealing results, many 
of the defects were highly stable. 
Defect layers around pits, if present, can be explained in 
several possible ways, for example: (i) Defects were in- 
jected by dissolution along the pit walls, in the same way as 
in the NaOH treatment. (ii) The pit formed at a site of 
impurity microsegregation where there were locally ele- 
vated defect and impurity concentrations before etching. 
(iii) Defects were injected by locally rapid metal oxidation 
before film breakdown. In the latter case, injection may 
have contributed to pit initiation by leading to nucleation 
of a void at the oxide/metal interface which undermined 
the oxide film and caused it to collapse, exposing the un- 
derlying metal3 This mechanism has been used recently by 
one of the present authors to help explain pit initiation on 
aluminum. 37The formation of micron-size pits on alu- 
minum by vacancy condensation at the metal/film inter- 
face was noted by Doherty and Davis, who cooled the metal 
from high temperature in airto produce a supersaturation 
of vacancies near the metal/film interface. 3~'39 If mechan- 
ism (iii) is true, it would imply that the detected defects are 
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Fig. 7. Positron annihilation S parameter measurements in the 
peak region of the speclrum, for a sample which had been electro- 
chemically polarized as in Fig. 5, for 5 s, and then annealed in the 
positron chamber at the temperatures indicated. The annealing pro- 
cedure was the same as in Fig. 3. 
fundamental ly  relevant to the process of pit initiation or 
early pit growth. However ,  further investigations will be 
necessary to establish wh ich  mechan ism is correct. 
Conclusions 
Positron annihilation measurements  were  carried out on 
a luminum to investigate the involvement of atomic-scale 
solid-state defects such as vacancies and  microvoids in dis- 
solution and  pitting processes. To the authors' knowledge,  
this represents the first extensive use of positron measure-  
ments  in the study of corrosion processes. A s low positron 
beam was  used, wh ich  al lowed depth profiling of defects 
near the surface, and  the variable energy measurements  
were  interpreted with a simulation through wh ich  the de- 
fect layer structure was  determined. Additionally, in situ 
annealing was  conducted to assess the thermal  stability of 
defects. 
Significant concentrations of near-surface defects were  
found in both as-received foils of greater than 99 .98% pu- 
rity, and  foils treated by dissolution in sod ium hydroxide. 
Order-of -magnitude defect layer thicknesses were  less 
than I00 nm in as-received foil, and  i0 nm in treated foil. 
H igh  number  densities of corrosion pits are found on these 
foils upon  anodic etching in chloride ion containing solu- 
tions, and  the pit density is enhanced by NaOH treatment 
before etching. Since some of the defects may have been 
close to the metal/fi lm interface, it is possible that they 
served as sites for corrosion initiation. Many  of the defects 
were  not removed by anneal ing at 500~ suggesting that 
they were  stabilized either by  complexat ion with near-sur- 
face impurities, or by location at the interface between the 
metal  and  oxide film. The  surface roughness of the foils did 
not al low a definitive distinction to be made between these 
two defect types. 
Further changes of the annihilation spectra occurred 
upon electrochemical etching in HCI  solution to produce 
high densities of corrosion pits. Measurements  of apparent 
defect layer thickness as a function of pit number  density 
were  well represented by a mode l  wh ich  assumed that indi- 
vidual pits were  surrounded by  defect layers about 20 nm 
thick. This defect layer may indicate the participation of 
defects in the mechan ism of pit initiation. However ,  other 
explanations for the defect layer are also possible wh ich  
are not related to the depassivation mechan ism.  Direct 
imaging of the defect layers a round pits may be possible 
using the positron re-emission microscope. 
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